The circulatory responses to mild and maximal upright exercise were studied in six normal subjects and 21 patients with various types of cardiac disease. It was found that the usual hemodynamic indices employed to evaluate cardiac performance during exertion were unreliable in separating patients from normal persons. In contrast, the cardiac index achieved at a pulmonary arterial (PA) 02 saturation of 30% was found to be highly reliable and sensitive for distinguishing the normal from the abnormal response to exercise. At a level of exercise that lowers PA 02 saturation to 30%, all normal subjects achieved a cardiac index greater than 7.0 L/min/m2 while no patient exceeded 4.8 L/min/m.2 In addition, the maximal capacity to extract 02 was greater in patients than in normal subjects; thus, during maximal exercise it was not unusual for patients to achieve PA 02 saturations of 15% or less, while the lowest value achieved in normal subjects was 23%.
IT IS WELL KNOWN that impairment of cardiac function often does not result in distinct hemodynamic abnormalities at rest, and it frequently is necessary to determine the circulatory response during exercise before any functional limitation can be demonstrated. Hemodynamic observations during exercise are usually made with the patient performing relatively light levels of work in the supine position; the absolute level of cardiac output attained is then related to the oxygen consumption (VO2) during exercise, or, alternatively, the increment in cardiac output induced by exercise is related to the increment in V02.1-3 Implicit in this approach is the assumption that limitation of the maximal pumping capacity of the heart leads to a reduction of its response at submaximal work loads. However, studies in our laboratory and those of others have demonstrated that when relatively light levels of work are performed in the supine position, the circulatory indices usually employed in the assessment of cardiac performance are, in fact, insensitive and may fail to reveal any abnormality when the impairment of function is mild.4 5 One approach to the development of a more sensitive method for evaluating circulatory function is to employ levels of exercise at or near the maximal capacity of the individual. Although the maximal Vo2 is a useful method of studying overall cardiac performance, Chapman and as-sociates6 have found that this measurement cannot be obtained with regularity in patients with heart disease, an observation that we have confirmed.
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Circulation, Volume XXXV, June 1967 Methods A total of 27 subjects was studied; after thorough investigation, including routine laboratory tests, roentgenograms, electrocardiogram, phonocardiogram, and cardiac catheterization, six of the subjects were considered to have no hemodynamically significant heart disease and are subsequently referred to as the normal group. In each instance this determination was made before the studies forming the basis of this report were carried out. The other 21 subjects had hemodynamically significant organic heart disease of various types, ranging from functional class I to III (as defined by the New York Heart Association). The diagnosis and functional classification of each patient are shown in table 1. Exercise was performed on a motor-driven treadmill. The intensity of exercise was augmented by increasing either the speed, the grade, or both. Cardiac output was measured by the Fick principle; mixed venous blood was obtained by sampling through a catheter previously introduced into the pulmonary artery during right heart catheterization, and arterial blood was sampled through a Teflon catheter inserted into the brachial artery. Arterial and mixed venous 02 content were estimated by the method of Van Slyke and Neill.U V02 was recorded by means of a continuous flow system and paramagnetic 02 analyzer as described previously.8 Systemic and pulmonary arterial pressures were recorded with Statham pressure transducers, with the baseline set at the level of the mid-right atrium. The electrocardiogram was recorded continuously; n10 arrhythmias not previously present were observed at rest or during exercise in any of the subjects.
Before the definitive investigation, subjects practiced walking on the treadmill and a level of exercise, subsequently referred to as maximal exercise, was determined that produced exhaustion in about 5X to 6 minutes. Normal subject H. K., one of the first subjects studied, was the only individual who was not exercised at this intense level. During the actual study, cardiac output and pulmonary and systemic arterial pressures were first measured at rest in the sitting position. All subjects then performed a mild level of exercise; these measurements were repeated. The exercise was then increased to the maximum level with no intervening period of rest, and the various measurements were again made. In the two patients who were most severely limited, the effects of only one level of exercise, which required a maximal effort, were studied.
Cardiac output was determined during the fifth minute of each level of exercise. Since the continuously recorded Vo2, heart rate, and pulmonary and systemic arterial pressures had reached a stable level by the fourth minute of exercise, it is likely that a steady state had been reached by the time the cardiac output was determined. This observation is in accord with that made by other investigators. 9 The cardiac index at a PA 02 saturation of 30% was obtained from the observations made at rest and during exercise by interpolation. However, in two subjects whose PA 0. saturations during maximal exercise were 31%, the cardiac indices at a PA 0., saturation of 30% were obtained by extrapolation. To evaluate the reliability of the methods uised to measure cardiac output in this study, simultaneous determinations of cardiac output by the above methods and the indicator-diluition technique were made in five instances at rest and various levels of exercise. The difference betweeni the two methods averaged 2.5% and the deviations ranged from 1 to 5%.
The total peripheral vascular resistanice index (dyne-sec-cm---m)M) was calculated as the product of 1,332 and the mean arterial pressurle (mm Hg) divided by the cardiac index (ml/sec/ mi2). The "exercise factor" was calculated as the iicrease in cardiac output in ml/min per 100 ml/min increase in VO, from rest to the highest level of exercise.) Venous 0.2 transport (ml/min/ m2) was defined as the product of the cardiac index (ml/min/m2) and the pulmonary arterial O. content (ml/ 100 ml).
Results
Cardiac Index and VO.-When cardiac index was related to V02/ml ( fig. 1 ) considerable overlap was found betweeni the patients and the normal subjects, both in the absolute values of the cardiac index achieved at a given V02 as well as in the slope of the line relating these two variables. The cardiac index at rest in the sitting position averaged 2.78 + 0.70 L/min/mM2 (standard deviation) in the normal subjects and 1.86 + 0.35 L/min/m2 in the patients. Although the difference between the two groups was statistically significant (P <0.001), it should be stressed that there was considerable overlap among individual subjects; thus, nine of the patients had values of resting cardiac index above the lowest normal subject. On the other hand, there was no overlap betveen the two groups during maximal exer- Relationship between cardiac index and oxygen uptake (VO2) at sitting rest and during mild and maximal levels of exercise in normal subjects (broken lines) and patients (solid lines).
Exercise Factor
The exercise factor averaged 558 22 in the normal subjects and 478 100 in the patients, a difference that was not significant. Considerable overlap was present between the two groups, with five of the 21 patients, including three who were in functional class III, falling within the range observed in the normal subjects ( fig. 2 ).
Cardiac Index at Pulmonary Arterial 02 Saturation of 30%
In contrast to the overlap between the two groups when the results were analyzed in the conventional manner as described above, when the cardiac index was related to the pulmonary arterial (PA) 02 saturation, a clear difference in the response to exercise between normal subjects and patients was evident ( fig.  3) . At rest and at lower levels of exercise there was no absolute separation between 
Figure 3
Relationship between cardiac index and pulmonary arterial 02 saturation at sitting rest and during mild and maximal levels of exercise in normal subjects (broken lines) and patients (solid lines). Values recalculated from the data of Reeves and associates10 are shown by closed circles, and those from Damato and associates1 by closed triangles. the patients and normal subjects. However, at a level of exercise that lowered the PA 02 saturation to 30%, all normal subjects achieved a cardiac index greater than 7.0 L/min/m2, whereas no patient exceeded a value of 4.8 L/min/m. 2 The maximal quantity of 02 that can be extracted seems to be greater in patients, as evidenced by the lower PA O2 saturation achieved during exhausting exercise. In the five normal subjects exercised maximally this value averaged 26±2%; in the patients, it averaged 20+7%. Moreover, in seven of the patients with more severe impairment, PA 02 saturation fell below 15%, whereas no normal subject attained a PA 02 saturation of less than 23%.
Reeves and associates'O and Damato and associates1" have also studied the circulatory response of normal subjects to intense upright exercise. Their recalculated data were replotted ( fig. 3) showing the relation between PA 02 saturation and cardiac index. The close correspondence of the relation between the two variables in these two investigations wvith that of the normal subjects of the present study is evident.
Venous 02 Transport
The venous O2 transport, that is, that product of the cardiac index and the PA O2 content, represents the quantity of unextracted 0,2 returned to the lungs per minute. In normal subjects this index averaged 366 103 ml/ Relationship between venous 02 transport and VO2 at sitting rest and mild and maximal levels of exercise in normal subjects (broken lines) and patients (solid lines).
individual subjects of both groups until levels of V02 greater than 600 ml/min/m2 were attained.
Stroke Volume
Stroke volume increased in all of the normal subjects from an average of 37 + 11 ml/ m2 at rest to 49 ± 12 ml/m2 during mild upright exercise, and it continued to rise to 59 ± 8 ml/m2 at maximal levels of exertion ( fig.  5 ). In the patients with impaired cardiac function, stroke volume rose from an average of 24 ± 6 ml/m2 at rest to 31 ± 7 ml/m2 during mild exercise, but did not increase further during maximal exertion (average 31 + 8 ml/ mi2). In the patients with severely impaired cardiac function, stroke volume fell even at the mildest level of exercise. The rise in stroke volume from rest to maximal exercise averaged 19 + 5 ml/m2 in the five normal subjects who exercised maximally, a value significant- and changes in oxygen uptake (V02) from sitting rest to mild and maximal levels of exercise in normal subjects (broken lines) and patients (solid lines). ly (P < 0.01) greater than the average increase of 6 + 10 ml/M2 in the patients.
Pulmonary and Systemic Arterial Pressures
A slight rise in mean pulmonary arterial pressure occurred in all of the normal subjects during maximal exercise. This contrasted markedly with the considerable elevations in PA pressure that occurred in almost all of the patients ( fig. 6 ). Mean systemic arterial pressure did not differ significantly in the two groups at rest (table 1). However, during maximal exercise arterial pressure increased by an average of 29 + 11 mm Hg in the normal subjects and by only 7± 14 mm Hg in the patients (P < 0.01). Calculated total peripheral resistance (TPR) was significantly greater in the patients than in the normal subjects at rest (P < 0.02) and during maximal exercise (P < 0.05). In general there was an inverse relation between V02 and calcu- 
Discussion
The major purpose of the present investigation was to analyze the circulatory response to exercise in a manner that would allow a more sensitive discrimination between normal subjects and patients with cardiac dysfunction. Although the exercise factor has been one of the more common hemodynamic indices employed to evaluate cardiac performance during exertion,2 3 the results of the present investigation demonstrate that this parameter does not indicate reliably the presence or absence of impaired cardiac function: figure 1 shows that even when the absolute level of cardiac output is depressed relative to the level of V02, the slope of the line relating cardiac output to V02, and therefore the exercise factor, is often entirely normal. This is in agreement with the observations of Bishop and Wade4 and more recently with those of Ross and associates,5 who found that 12 of 31 patients with hemodynamically significant heart disease had normal exercise factors. However, when cardiac output is related to PA 02 saturation, the circulatory response of the patients contrasts dramatically with that of normal subjects. Although the relationship between these variables does not differ greatly in the two groups at mild to moderate levels of exercise, when the exertion was sufficiently intense to reduce PA 02 saturation to 30%, all normal subjects achieved a cardiac index greater than 7.0 L/min/m2, while in no patient did it exceed a value of 4.8 L/min/m2 ( fig. 3 ). That the cardiac index at a PA 02 saturation of 30% is superior to the exercise factor in detecting cardiac dysfunction is clearly shown in figure 2 ; thus, while there was considerable overlap between the values of the exercise factor in the patients and normal subjects, no overlap was seen when the cardiac indices at a PA 02, saturation of 30% Determination of the maximal 02 uptake has been another means by which exercise capacity may be assessed in the cardiac patient. 6 12 In essence, it has been stated that V02 can be considered to be maximal only when the Vo2 fails to rise adequately despite further increments in the 02 demands of the exercise.'3 14 However, while these criteria can be satisfied easily in normal subjects, it has been our experience and that of others that a plateau cannot be attained in most patients with impaired cardiac reserve.6 This is probably explained by the fact that in many patients exercising at a level sufficient to decrease PA 02 saturation to 20% or even lower, oxygen extraction, and therefore V02, continue to increase with further augmentation of exercise intensity. Thus, the patient generally is limited by symptoms prior to the attainment of a level of exercise that is intense enough to satisfy the criteria for maximal V02.
Although the strict criteria for the determination of maximal VO2 cannot usefully be employed in the evaluation of patients with decreased cardiac function, it might appear from the data plotted in figure 1 that the highest levels of cardiac output or Vo2 that can be achieved during exercise can be used to differentiate normal subjects and patients with heart disease. However, the highest cardiac output or Vo2 achieved may be limited by such factors as motivation, malingering, poor physical condition, or discomfort of any variety, and therefore may not be a reflection of the actual capacity of the circulatory system. In contrast, when either cardiac output or Vo2 is related to PA 02 saturation or to a similar index of 02 extraction, it is readily ap-Circulation, Volume XXXV, June 1967 parent whether the exercise tolerance of an individual is being limited by cardiac or noncardiac factors. For example, when during upright exercise the highest level of cardiac output or VO2 is achieved at a PA 02 saturation which is clearly above 30%, it is very likely that exercise capacity is directly limited by noncardiac factors. Conversely, if the highest levels of cardiac output and V02 are achieved at a PA 02 saturation substantially less than 30%, then it would be reasonable to assume that the level of exertion was sufficient to stress the circulatory system to its limit, or that this limit was being approached. It follows that if one could be certain that maximal exercise was being limited by cardiac factors, then the maximal cardiac output or V02 that could be achieved would be sufficient in itself to determine the degree of circulatory impairment. However, from a practical point of view it is extremely difficult to ascertain if the exercise capacity of a patient is truly being limited by cardiac factors or, rather, by noncardiac factors such as those previously mentioned. It should be stressed that no patients with angina pectoris were studied. It is likely that in at least some of these patients, angina would limit exertion at a PA 02 saturation well above 30%, and that their maximal levels of cardiac output would therefore not provide information concerning the maximal pumping capacity of the myocardium. An additional reason for relating the cardiac output during exercise to PA 02 saturation rather than to V02 is that during maximal levels of exertion the heart is unable to deliver the necessary amount of 02 to the tissues, a large 02 debt develops, and the measured 02 uptake is substantially less than the actual 02 requirements. Thus, by relating the cardiac output to a level of V02 that is less than the 02 requirements of the exercise, the impairment of the cardiac output response might be considerably underestimated.
The relationship between cardiac output and oxygen extraction may also be considered from another point of view. Since at any level of exercise patients tend to have not only a lower cardiac output than normal subjects but also a lower PA 02 saturation (and thus PA 02 content), the product of cardiac output and PA O, content might therefore be a more sensitive indicator of decreased cardiac reserve than the cardiac output itself. This product has been termed the venous 02 transport and represents the amount of O2 delivered to the tissues but not utilized. Although this index was significantly greater at rest in the normal subjects than in the patients, as with the cardiac output there was considerable overlap between the two groups. During exercise, however, venous 02 transport rose in the normal subjects and tended to fall in the patients, thus accentuating the differences present at rest. While there was a clear separation in the venous 02 transport between the two groups at the highest levels of exercise, examination of figure 4 shows that use of this index would allow complete separation of subjects with normal and abnormal cardiac function at a V02 of only 600 ml/min/ m.2 It must be appreciated that in addition to variations in cardiac function, the venous O.0 transport will be sensitive to alterations in the 02 content of arterial blood. Accordingly, mnarked abnormalities in hematocrit and 02 saturation complicate interpretation of this index.
Another important difference in the response to intense exercise between the normal subjects and the patients with cardiac dysfunction is the level to which mixed venous O., saturation falls during exhausting exercise. At levels of exercise producing exhaustion after 52 to 6 minutes, patients appear to be capable of extracting a greater amount of 02 from arterial blood than are normal subjects. For example, it was not uncommon for patients to achieve a mixed venous 02 saturation of 15% or less, while the lowest value attained in the five normal subjects who exercised to exhaustion was 23%. This increased extraction results in a greater arteriovenouis 02 difference and can be considered a compensatory mechanism that enial)les patients with decreased cardiac function to achieve higher VO.,'s than would be ex-pected from their maximal cardiac outputs. Several possible mechanisms may be considered to explain the difference between the two groups. Under circumstances of maximal exertion, when capillary blood flow is necessarily rapid, it is conceivable that 02. extraction by the tissues may be limited by the rate at which O2 can dissociate from hemoglobin. Recently the rate of this reaction has been de-termined15 and it has been postulated that the time required for complete dissociation may well be longer than the time the red blood cell spends in the capillary.16 If the time available for desaturation of the hemoglobin were critical, it would be expected that patients, having a considerably lower maximal cardiac output than normal subjects and, consequently, a slower rate of capillary blood flow, would extract a greater amount of 02.
Alternatively, patients would be capable of achieving a lower mixed venous O2 saturation than normal subjects if their ability to divert blood from nonexercising beds were greater than normal. Indeed, it has been demonstrated that during mild to moderate levels of exercise, blood flow to nonexercising muscle and to the splanchnic bed is reduced to a greater extent in patients than in normal subjects.'I 17 It should be emphasized, however, that alterations in regional blood flow have not been studied during maximal exercise either in patients or in normal subjects.
Since a decrease in pH may cause a shift in the O, dissociation curve to the right, it is possible that the greater degree of maximal 02 extraction achieved by the patients may have occurred as a result of their having attained a lower pH during exercise. However, four normal subjects in whom mixed venous pH was measured reached a lower mixed venous pH than did any of the patients, suggesting that alterations in pH alone probably do not explain the differences in venous extraction.
It should be emphasized that the cardiac index at a PA O, saturation of 30% and the venous 0, transport have been found to be sensitive indices of cardiac performance on Circulation, Volu,cis XXXV. June 1967 the basis of the present studies, carried out primarily on patients with valvular heart disease and primary myocardial disease. Although there is no reason to believe that the results would differ materially in patients with other forms of heart disease, the conclusions of this investigation cannot be applied to such patients until similar studies have been extended to them.
Although the major purpose of this study was to characterize the relation between V02, cardiac index, mixed venous 02 saturation, and venous 02 transport at rest and during exercise, a consideration of the effects on other hemodynamic variables is also of interest in view of the fact that heretofore the effects of maximal exercise in the upright position have not been reported in patients with impaired cardiac function. The stroke volume and pulmonary arterial pressure responses of normal subjects and patients showed consistent differences at mild and intense levels of upright exertion. As observed by others," [18] [19] [20] stroke volume increased on transition from sitting rest to mild exercise in all of the normal subjects and continued to rise in five of the six subjects at maximal levels of exertion ( fig. 5 ). On the other hand, while the majority of patients were able to increase stroke volume from rest to mild levels of exercise, stroke volume either did not change or actually fell as the intensity of exercise increased. In the patients whose cardiac function was most severely impaired, stroke volume fell during the transition from rest to the lowest levels of exertion. In marked contrast to the minimal changes in mean pulmonary arterial pressure observed in the normal subjects during maximal exercise, substantial elevations in mean pulmonary arterial pressure occurred during even mild exercise in the patients (fig. 6 ).
On transition from standing rest to mild exercise in the normal subjects, mean systemic arterial pressure always rose and continued to rise at maximal exercise. Although mean systemic arterial pressure did not fall in any patient from standing rest to the first level of exercise, it did fall during maximal exertion in four of the 19 patients who exercised at two Circulation, Volume XXXV, June 1967 levels. That arterial pressure may fall during exercise in some patients with cardiac impairment has previously been reported. 2' 22 It is apparent from figure 7A that while calculated TPR tends to be higher in patients than in normal subjects at rest, the decline in TPR during exercise is similar in both groups, and appears to be inversely related to Vo2.
However, if TPR is related to PA 02 saturation ( fig. 7B ), a measurement which provides some indication of how demanding a given stress is relative to the maximal capacity of the circulatory system, it is evident that at any PA 02 saturation TPR is higher in the patients than in the normal subjects. Thus, calculated TPR in the patients did not usually fall to the same extent during maximal exercise as it did in the normal subjects, permitting arterial pressure to be maintained despite the lack of an appropriate augmentation of cardiac output. Although central venous pressure was not measured and therefore not subtracted from the arterial pressure in the calculation of TPR, it is unlikely that a sufficient elevation of central venous pressure could have occurred in the patients to account entirely for the large differences in TPR observed between the two groups during maximal exercise.
